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Abstract
Here, we present a comprehensive study analyzing early stages of the transformation of
detonation nanodiamond (ND) powder to graphitic carbon onions via thermal annealing in
argon atmosphere. Raman spectroscopy was employed to monitor this transformation, starting
with the sp3-to-sp2 conversion of the ND surface at the onset of the graphitization process.
Additionally, transmission electron microscopy, x-ray diffraction, and thermogravimetric
analysis were used to supplement the structural information obtained from Raman
spectroscopy and allow for an accurate interpretation of the obtained Raman data. The effect
of the annealing time on the transformation process was also studied to determine the kinetics
of the conversion at low temperatures. The results presented in this study complement
previous work on ND annealing and provide deeper insight into the nanodiamond-to-carbon
onion conversion mechanism, in particular the time and size dependence. We present further
evidence for the existence of a disordered sp2 phase as an intermediate step in the
transformation process.
S Online supplementary data available from stacks.iop.org/Nano/24/205703/mmedia
(Some figures may appear in colour only in the online journal)
1. Introduction
Carbon onions, also known as onion-like carbon (OLC),
onion-like fullerenes (OLFs), or carbon nano-onions
(CNOs) [1], are a unique carbon nanomaterial, often referred
to as the zero-dimensional pendant to multi-wall carbon
nanotubes. They are a member of the fullerene family and
can be imagined as quasispherical or polyhedral, closed-shell
nanostructures consisting of several concentric, fullerene-like
spheres of different diameters, stacked into each other
(typically between 3 and 8) [2]. Outer diameters range from
∗ Dedicated to Professor Maurizio Prato on the occasion of his 60th birthday.
3 Author to whom any correspondence should be addressed.
less than 5 up to 100 nm and their inner core may be hollow
or filled with a different phase of carbon (e.g. diamond) or
metal catalyst, sometimes referred to as metal-encapsulating
onion-like fullerene [3].
Improvements in synthesis techniques and a rapidly
increasing number of potential applications have sparked
growing interest in these unique nanostructures during recent
years. Potential applications include, but are not limited
to, solid lubrication [4], composites [5], electromagnetic
shielding [6], high-conductivity materials [7], gas stor-
age [8], photovoltaics and fuel cells [9], special performance
catalysts [10] and electrical energy storage [3, 11–14].
Carbon onions have been produced by numerous means,
including arc discharge [15], electron-beam irradiation [16],
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chemical vapor deposition [17–19], RF plasma [20], carbon
ion-implantation [21], thermolysis [22], solid-state carboniza-
tion [23], and thermal annealing of nanodiamond [14, 24, 25].
Although the majority of carbon onion research
has been devoted to identifying suitable synthesis and
purification methods, most of the existing production
methods still suffer from either small synthesis volumes and
limited scalability, insufficient process control, presence of
byproducts (impurities), or require complex and expensive
processing equipment. At present, the most effective method
for carbon onion production is thermal annealing of
nanodiamond (ND) [14, 24] At ambient conditions, diamond
is only a metastable phase for 4–5 nm-sized carbon
clusters [26] as the activation energy required for the
rearrangement into the thermodynamically most favorable
configuration (onion-like structure) prevents a spontaneous
transformation. Upon thermal annealing, carbon atoms
acquire sufficient energy allowing the ND-to-carbon onions
transformation to occur. Since the thermal annealing process
does not require any additional catalyst and, in most cases,
the commercial ND precursor has already been purified,
the purity of carbon onions synthesized by this method
is exceptionally high. Furthermore, the size distribution
and structural variety of the carbon onions is relatively
narrow as compared to other synthesis methods, and can
be controlled by adjusting the size distribution of the ND
powder prior to the annealing process [27]. The average
crystal size of as-produced detonation ND is around 4–5 nm.
However, similar to other carbon nanomaterials, ND tend to
agglomerate, forming particles (aggregates) with sizes up to
several hundred nanometers.
Kuznetsov et al first reported details of the formation
of OLC through the annealing of ND powders in vacuum
at temperatures between 1000 and 1500 ◦C [24]. Since
then, numerous studies have employed thermal treatments to
synthesize carbon onions from ND powders under various
annealing conditions [28, 29]. The most critical process
parameters are annealing temperature, time, pressure, and
atmosphere. Annealing conditions reported in literature
vary substantially, with temperatures ranging from 300 to
1900 ◦C. Zou et al observed that around 600 ◦C the edges
of ND particles start to transform into amorphous carbon,
resulting in a complete amorphization of the ND surface at
∼750 ◦C, followed by graphitization along the edge sites at
850 ◦C [30–34]. More recent studies found that below 900 ◦C
the ND surface is reconstructed into graphite, but the diamond
core is unaltered. Subsequently, above 900 ◦C, sp3 carbon is
changed to sp2 from the surface inward [35].
Several studies suggested that a partial ND-to-carbon
onion transformation occurs at temperatures as low as
900 ◦C [36–38] while others argued that annealing at 900 ◦C
does not produce detectable graphitization and only causes
the thermal decomposition of surface groups [29]. Qiao et al
introduced a 4-step annealing model starting with formation
of graphite fragments, connection and curvature of the
graphitic sheets between diamond {111} planes, and closure
of graphite layers [39]. Molecular dynamic simulations [40]
and thermodynamic consideration [41] support these results.
Summarizing the current understanding of ND annealing,
it is generally believed that carbon onion formation is
initiated between 1000–1200 ◦C, depending on the annealing
atmosphere. The activation energy for the ND-to-onion
transformation was found to be size-dependent, requiring
higher annealing temperatures (>1200 ◦C) for ND crystals
above 5–6 nm. However, the low-temperature region of the
annealing process and the onset of ND annealing have been
less studied.
Raman spectroscopy is a powerful tool for the
characterization of carbon nanostructures, such as ND
powders [42–44] and carbon onions [45], as it allows for a fast
and nondestructive evaluation of nanomaterial structure, size,
and surface state. The benefit of UV Raman spectroscopy to
analyze annealed ND was demonstrated by Mykhaylyk et al
They showed that UV Raman spectroscopy can effectively
detect the initial stages of the graphitization of the ND exterior
surface where mixed sp2/sp3 bonds are reconstructed into sp2
bonds [46]. UV laser excitation is particularly suitable for ND
characterization due to fulfilment of the resonance condition,
upshift and/or suppression of the D band of graphite and
avoiding strong luminescence of ND that is observed in the
visible spectral range [47].
In this work, we employ Raman spectroscopy to monitor
the nanodiamond-to-carbon onion transformation with focus
on its temperature, time, and crystal size dependence.
X-ray diffraction (XRD), transmission electron microscopy
(TEM), and thermogravimetric analysis (TGA) were used
to complement data obtained by Raman spectroscopy in
order to determine structural characteristics of the samples at
various stages of the nanodiamond-to-carbon onion annealing
process. With the proposed study, we aim to obtain better
understanding of the early stages of the ND-to-carbon onion
transformation process and identify the exact temperature at
which surface and bulk graphitization of ND crystals take
place.
2. Experimental section
The ND powder used for all experiments was purchased
from International Technology Center (Raleigh, NC), with a
diamond content and average ND crystal size, as determined
by the manufacturer, of >98% and 4 nm, respectively.
Raman spectra were recorded using an inVia Confocal
Raman Microspectrometer (Renishaw, UK) utilizing a 325 nm
HeCd laser excitation (power density < 1.4 × 104 W cm−2),
a ThorLabs LMU-10X-NUV objective, and a 3600 l mm−1
diffraction grating. Heating experiments were conducted with
a programmable water-cooled Linkam TS1500 heating stage.
A constant argon (Ar) flow of ∼40 ml min−1 was provided
during all measurements to prevent oxidation of the ND
powders. Data analysis and curve fitting were performed using
Renishaw’s Wire 2.0 software.
In the first series of experiments, ND powder was
heated from 25 to 900 ◦C in the heating stage using a
heating rate of 10 ◦C min−1. Raman spectra were recorded
in increments of 100 ◦C. The temperature was kept constant
during measurements. In the second part of the study, ND
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powder was heated from 25 to 1000 ◦C with a heating rate
of 10 ◦C min−1. At each 100 ◦C-temperature increment, the
sample was annealed for 2 h, and then cooled back to room
temperature for Raman analysis. This procedure minimized
the risk of laser heating-induced changes in the ND powders at
elevated temperatures. Many nanostructures, particularly ND,
strongly absorb UV radiation and are prone to laser-induced
damage, even at a low laser power [48, 49].
To explore the time-dependence of the transformation
process, ND samples were annealed isothermally at tempera-
tures of 500, 600, 700, and 800 ◦C. After annealing at different
time increments ranging from 15 min to 8 h depending on
the annealing temperature, the sample was cooled to room
temperature and Raman spectra were recorded.
Finally, to demonstrate the scalability of the annealing
process and to verify the obtained results, larger samples
(gram-scale) of ND powder were annealed in a tube furnace
(MTI) under Ar atmosphere for 12 h at temperatures ranging
from 500 to 1100 ◦C (small tube furnace) and 1100–1300 ◦C
(large tube furnace) using a heating rate of 10 ◦C min−1.
X-ray diffraction patterns were recorded with a Phillips
PW 1830 diffractometer using a Cu Kα source (x-ray
wavelength ∼0.154 nm) and an acceleration voltage and
anode current of 35 kV and 30 mA, respectively.
Transmission electron microscopy (TEM) was performed
using a JEOL JEM-2100 microscope (JEOL, Japan) at 100 kV.
Carbon samples were dispersed in isopropanol and deposited
on a lacey carbon grid.
Thermogravimetric analysis (TGA) was performed using
a Q50 thermogravimetric analyzer (TA Instruments, USA).
Samples of ∼10 mg were studied between 25 and 800 ◦C
using a 2 ◦C min−1 heating rate with a 2 h isothermal period at
200 ◦C for outgassing. All measurements were performed in
dry flowing air atmosphere (Airgas, USA, air, compressed).
3. Results and discussion
The UV Raman spectrum of the as-received ND powder at
room temperature contains two main features: a down-shifted
and asymmetrically broadened diamond peak at ∼1320 cm−1
and a broad peak centered around ∼1600 cm−1, often
simply referred to as ‘G band’ in analogy to sp2-containing
(graphitic) carbon materials. However, as demonstrated in
previous studies, this Raman band is typically a superposition
of at least three separate peaks assigned to O–H bending
vibrations (∼1640 cm−1), C=O stretching vibrations,
(1740 cm−1) and sp2 carbon band (1590 cm−1) [49]. In order
to simplify the fitting procedure and allow for unambiguous
data interpretation, Raman spectra were baseline-corrected
between 900 and 1900 cm−1 and fitted using only 3
constituent peaks (mixed Gaussian/Lorentzian type). Two
peaks were required to account for the asymmetric line-shape
of the diamond peak and one peak was used to represent
the G band. While the proposed fitting procedure is an
oversimplification, it allows for a semi-quantitative analysis
and enables us to monitor structural changes during annealing.
At higher annealing temperatures (>800 ◦C), peak fitting
was hindered by the simultaneous disappearance of the
diamond peak (∼1320 cm−1) and the appearance of D band
(∼1380 cm−1). In these cases, the intensity and position of
the G band and the diamond peak, as well as the intensity
of the D band at 1380 cm−1 were measured directly from
the Raman spectra, herein referred to as ‘direct reading’,
without computational peak fitting. In order to verify the
suitability of this approach, results from both methods (fitting
and direct reading) were plotted together for comparison at
low temperatures.
As the Raman signal of ND is generally very weak due
to its confined size, even under the resonance condition (UV
excitation), a balance between an acceptable signal-to-noise
ratio and laser-heating must be found. If exposure times
and laser power are too low, the signal-to-noise ratios
are too high and do not allow for accurate data analysis.
In contrast, high laser power improves the signal-to-noise
ratio, but results in additional heating that can alter
the sample unintentionally. At the same time, extensive
exposure times are impractical, particularly when studying
the time- or temperature-dependency of reactions during in
situ experiments. Even when utilizing short exposure times
and low laser power, the laser excitation during Raman
measurements may alter the sample and interfere with the
physical and chemical reactions to be studied at elevated
temperatures.
In a first series of experiments (see figure S2 in
supplementary information available at stacks.iop.org/Nano/
24/205703/mmedia) Raman spectra were taken at different
temperatures between 25 and 700 ◦C during the annealing
of ND in an Ar atmosphere. Although several changes were
observed during annealing, the experiments were subject to
several competing factors. The simultaneous contributions
from temperature-induced Raman shifts and laser-induced
changes in the sample in addition to the structural and
compositional changes due to ND annealing, did not allow
for a clear separation of the different effects and individual
contributions to the observed changes [48, 49]. In order to
minimize the effect of laser-heating on the annealing process,
Raman measurements were recorded at room temperature
after annealing ND for 2 h at different temperatures in
the range 200–1000 ◦C (figure 1(a)). In this case, any of
the observed changes cannot be ascribed to temperature
effects, but must be assigned directly to structural and/or
compositional changes within the sample.
The G band becomes narrower and shifts to lower
wavenumbers with increasing annealing temperature. At the
same time, the diamond peak decreases in intensity relative to
the G band. At around 900 ◦C, the diamond peak disappears
while the disorder induced D band signal emerges at
∼1400 cm−1. In order to obtain more quantitative information
on the temperature-induced changes during annealing, all
Raman spectra were analyzed using the normal and simplified
fitting procedures. Figure 1(b) illustrates the changes in peak
position and peak width (FWHM) of the G band Raman
peak. Below 300 ◦C, both position and FWHM of the G
band remain fairly constant, suggesting that no structural
and/or compositional changes occur at low temperatures.
Between 300 and ∼500 ◦C, both position and FWHM of
3
Nanotechnology 24 (2013) 205703 J Cebik et al
Figure 1. (a) Raman spectra of ND measured at room temperature after annealing for 2 h at different temperatures between 25 and
1000 ◦C. (b) Changes in Raman frequency and FWHM of the G Band. (c) Changes in diamond-to-G band (Dia/G) and D band-to-G band
(D/G) intensity and integrated intensity ratios. Squares and triangles represent data obtained from peak fitting and direct reading, both of
which show similar results.
the G band increase, followed by a steep decline in the
∼500–800 ◦C range. While the decrease in FWHM and the
downshift of the G band starting around 500–600 ◦C may be
ascribed to the onset of ND annealing, the interpretation of
the increase of both values that precedes the annealing is not
as straightforward. A more rigorous analysis of the G band
of the samples annealed at 400 and 500 ◦C suggests that the
relative change in intensity between the Raman contributions
from C=C (∼1590 cm−1) and O–H (1620 cm−1) species may
cause the observed changes in G band shape and position.
However, a nonambiguous assignment of these changes is
difficult as they may result from a variety of structural and/or
compositional changes. For example, structural changes, such
as increased ordering (e.g. changes in bond type, length and/or
angle), are known to affect the Raman scattering cross-section
and thus the Raman peak intensity, while compositional
changes, including removal or transformation of surface
groups and localized sp3-to-sp2 conversions, also contribute
to the observed discrepancy. Since the increase in position
and FWHM of the G band were also observed during the
experiments and are greater than the experimental error range,
it appears to be a real phenomenon that requires further
investigation. Between 800 and 900 ◦C, the G band position
remains fairly constant, and exhibits a slight upshift after
annealing to 1000 ◦C. No noticeable shift of the diamond
peak was observed after annealing. Figure 1(c) displays
the temperature dependence of several important intensity
ratios that are typically used to evaluate the composition and
structural ordering in carbon materials. The diamond-to-G
band ratio (Dia/G) can be used to evaluate the sp3/sp2 ratio,
or diamond content, whereas the D band-to-G band ratio
(D/G) provides information on the structural ordering of
the sp2-phase (e.g. level of graphitization) [50]. Intensity
and integrated intensity refer to the peak height and peak
area, respectively. The integrated intensity takes into account
contributions from species that exhibit different levels of
ordering or different bonding configurations, whereas the
intensity ratio reflect the contributions of the species with
the most prominent Raman signal (maximum intensity). The
intensity and integrated intensity ratios between the diamond
peak and the G band show similar trends (figure 1(c)),
indicating the onset of ND transformation around 600 ◦C,
lower than in most of the previously reported studies. Above
this temperature, the Dia/G ratio steadily decreases until the
diamond peak is no longer observed at 900 ◦C, as shown in
figure 1(a). For both the G band and determined intensity
ratios, the fitting (squares) and the direct reading (triangles)
procedures yield similar results, suggesting that the proposed
simplification of the fitting procedure is a suitable method for
a semi-quantitative analysis of the obtained Raman data.
In order to obtain further insights into the kinetics of
the annealing process, we monitored the annealing of ND
under isothermal conditions. Figures 2(a) and (b) show the
changes in G band position and FWHM after annealing at
500, 600, 700, and 800 ◦C, respectively. Raman spectra (not
shown) were recorded at room temperature and the listed
times represent the cumulative annealing time of each sample.
At low annealing temperatures (500 ◦C), we observed a
slight increase in both G band position and FWHM at the
initial phase of the annealing process, after which both values
remained fairly constant. The increase in G band position
and FWHM was also observed at 600 and 700 ◦C and has
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Figure 2. Analysis of Raman spectra of ND powder after annealing at 500, 600, 700 and 800 ◦C for different annealing times between 2
and 28 h. Annealing under isothermal conditions led to a downshift of the G band (a) and reduction of the FWHM (b) for annealing
temperatures above 600 ◦C. The Dia/G ratios (c) show similar temperature behavior, while the D/G ratio (d) increases upon ND annealing.
been discussed above. While its origin cannot be identified
with absolute certainty, it will be in the focus of future
studies. Above 600 ◦C, both position and FWHM of the G
band steadily decrease with annealing time due to the onset
of the conversion of sp3 to sp2-carbon. The rate at which
both G band frequency and FWHM decrease increases with
annealing temperature and is the highest at 800 ◦C. Similar
trends were found for the Dia/G ratio, suggesting onset of
ND transformation around 600 ◦C (figure 2(c)). This is further
supported by the increase in the D/G ratio during the early
stages of the sp3–sp2 conversion. The D/G ratio gives insight
into the structural development of the sp2 phase and is affected
by both, the ordering of the individual C–C bonds as well
as the formation of hexagonal rings that are the basis of the
graphitic honeycomb lattice [51]. While at 500 ◦C the D/G
ratio remains constant over the duration of the annealing
experiment, it increases with time above 600 ◦C, whereas
higher annealing temperatures lead to a more rapid increase
in graphitization.
The results presented so far clearly indicate structural
changes and onset of ND annealing at around 600 ◦C. It is
also evident that these changes occur more rapidly at higher
annealing temperatures and that the diamond Raman signal
disappears around 800–900 ◦C. However, in order to obtain
a comprehensive picture of the annealing process and allow
for an unambiguous interpretation of the observed changes in
the Raman spectra, more detailed information on ND structure
and sample composition at the various stages of annealing is
required. We therefore annealed bulk samples of ND in a tube
furnace under various conditions for further characterization.
Figure 3(a) shows a photograph of a collection of seven ND
powders annealed for 12 h at different temperatures between
500 and 1100 ◦C. The sample annealed at 500 ◦C does not
show any noticeable color changes (silver gray) as compared
to the as-received ND powder, which is in good agreement
with results obtained by Raman spectroscopy. The small
changes in the Raman spectra below 500 ◦C (see figure 1) are
due to removal of surface functional groups, which seems to
have no effect on the sample color.
After annealing at 600 ◦C, the ND appears slightly darker,
turning the powder to a gray color. A further increase in
annealing temperature to 700 and 800 ◦C yields a light
brownish and a dark brownish gray powder, respectively. At
900 ◦C, we noticed a significant darkening to a brown-black
color, which further darkens after annealing at 1000 ◦C (dark
brown-black), and turns to black at 1100 ◦C.
The corresponding changes in the position and FWHM
of the G band, and in the Dia/G and D/G ratios of the
furnace-annealed ND samples are shown in figures 3(b)
and (c), respectively. As expected, the intensity and
integrated intensity Dia/G ratios decrease with increasing
annealing temperature until the diamond peak disappears
around 900 ◦C. The D/G ratio (direct reading) remains
fairly constant between 500 and 700 ◦C, but starts to
increase at higher temperatures until reaching a maximum
around 1000–1100 ◦C. The observed color changes and
corresponding trends in the Raman spectra are in good
5
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Figure 3. (a) Photograph of ND samples after annealing for 12 h at temperatures between 500 and 1100 ◦C under Ar atmosphere in a tube
furnace. The corresponding changes in G band and various important intensity ratios in the Raman spectra are plotted in (b) and (c)
respectively.
Figure 4. TEM images of ND powders after annealing for 12 h at 700 ◦C (a), 800 ◦C (b), 900 ◦C (c), (d), 1000 ◦C (e), and 1100 ◦C (f)–(h).
agreement with the results obtained from the annealing studies
using the heating stage.
While the reported changes in color and in Raman spectra
are clear evidence for temperature-induced graphitization of
diamond, several different annealing mechanisms may lead
to the observed changes. The first possible process is the
preferential annealing of small-diameter ND crystals. In this
case, NDs below a critical diameter are partially or fully
converted to carbon onions, while ND crystals larger than the
critical size remain unchanged.
The second possible process involves the simultaneous
transformation of all ND crystals, but at a rate that is strongly
size-dependent. Depending on the temperature, the annealing
mechanism may also change from the first to the second
process. In order to obtain further insights into the annealing
mechanism, we recorded several TEM micrographs from the
annealed ND samples. Figure 4 shows the TEM images of
the ND powder after annealing for 12 h at 700 (a), 800
(b), 900 (c), (d), 1000 (e), and 1100 ◦C (f)–(h) in a tube
furnace with flowing Ar. At lower annealing temperatures
(≤700 ◦C) the ND powders do not exhibit any noticeable
changes in crystal structure and size (figure 6(a)). The ND
crystals are pseudo-spherical in shape with sizes ranging
from ∼3 to ∼30 nm. The average ND crystal measures
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Figure 5. (a) X-ray diffraction pattern of ND powders after annealing for 12 h at different temperatures between 500 and 1100 ◦C
(low-temperature regime). (b) ND crystal size determined using the Williamson–Hall analysis as a function of annealing temperature for
both the low- and high-temperature regime.
Figure 6. Arrhenius plot showing the rate at which the
nanodiamond particles are transformed into graphitic carbon onions
versus inverse temperature. Data from [35] is added to the graph for
comparison purposes.
∼4–5 nm and shows a primarily diamond-structured surface.
After annealing at 800 ◦C (figure 4(b)), the outer surface of
the smaller diamond crystals (below ∼15 nm) is converted
to sp2 carbon; however, the sp2 carbon does not form a
continuous, closed shell, but is rather disordered in nature.
At 900 ◦C, the transformation of the outer surface extends to
larger diamond crystals (above ∼15 nm), and some layered
sp2 carbon segments appear within the sample (figure 4(c)
and (d)), indicating a complete sp3-to-sp2 conversion of the
smallest diamond crystals, however, onion formation was not
observed. Annealing at 1000 ◦C produces primarily layered
sp2 carbon, which assembles to onion-like structures, partially
or fully closed. A further increase in annealing temperature
to 1100 ◦C increases the structural ordering of the onions,
making them fully concentric and spherical in shape. While
the content of disordered sp2 carbon is minimal, the sample
still contains ND crystals that are only partially converted
(figures 4(g) and (h)).
Our results suggest that there is a dependence of
conversion rate on the ND crystal size. Below 1000 ◦C, small
NDs are converted to carbon onions while larger NDs may
experience only surface reconstruction. When approaching
1100 ◦C, the majority of the ND crystal starts to transform to
layered sp2 carbon. Larger ND crystals (>15 nm) appear only
partially converted due to slower annealing kinetics. These
observations are supported by XRD data. Figure 5(a) shows
the low angle (22) XRD patterns of the furnace-annealed
powders.
All samples exhibit a characteristic peak at∼43.7◦ which
originates from the (111) planes of cubic diamond (sp3),
suggesting that ND is present in all samples, even at
higher annealing temperatures. Above 1000 ◦C, a second
peak appears in the XRD pattern. This feature results from
the (002) planes of graphitic (sp2) carbon. While Raman
spectroscopy is more sensitive to the sp2 carbon forming
on the crystal surface at the onset of ND annealing, due
to the larger Raman scattering cross-section of sp2 species
and the shielding of the diamond core by the surrounding
sp2 carbon, the detection of a XRD signal requires the
simultaneous scattering from many crystal planes, and is
therefore primarily resulting from the ND core. Surface
effects are less noticeable and larger ND crystals contribute
stronger to the overall XRD intensity. Therefore, the XRD
7
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signal from surface sp2 carbon formed at the onset of the
transformation process is weak and is overshadowed by the
more intense scattering of the diamond phase. Even small
ND crystals that have been fully converted to sp2 carbon at
lower temperatures (<900 ◦C) produced nonplanar graphitic
carbon and their (002) peak will be very weak, if detectable
at all, and easily overshadowed by the strong signal of
larger ND crystals that possess little or no sp2 carbon. Using
XRD analysis, the annealing of the diamond phase can be
monitored by probing the changes of the diamond core
rather than detecting graphitic carbon. Figure 5(b) shows
the results of the Williamson–Hall (WH) analysis [52] for
the furnace-annealed ND samples which show the changes
in diamond crystal size by evaluating the broadening of the
diffractions peaks. Below 600 ◦C, no changes in ND crystal
size were detected within the error range and the calculated
values are similar to that of as-received ND (d = 3.4 nm).
This is in good agreement with previous studies [42, 46].
Between 700 and 900 ◦C, the average crystal size decreases
to 3.3 nm, and it is further reduced to ∼3.1 nm when
reaching 1000–1100 ◦C. We have added the size data of three
samples annealed in the high-temperature regime ≥1100 ◦C
for comparison. Since the high-temperature annealing was
carried out in a different furnace, we repeated the annealing
process at 1100 ◦C to account for potential furnace-to-furnace
variations in annealing conditions. While the annealing in
the high-temperature furnace yields slightly higher crystal
sizes as compared to the low-temperature furnace, it is clear
that there is a significant increase in the annealing rate at
higher temperatures, suggesting a change in the graphitization
mechanism.
The above results are in good agreement with TEM
analysis; however, it becomes clear that Raman spectroscopy
and XRD must be considered complementary techniques
when investigating the ND annealing process, as both
characterization methods probe different parts of the sample.
Raman spectroscopy is sensitive to the onset of sp2
carbon formation at the crystal surface, weather ordered
or disordered, whereas XRD probes the diamond core and
favors larger ND crystals. The results obtained from Raman
spectroscopy studies revealed onset of ND annealing at
temperatures as low as 600 ◦C, beginning with surface
reconstruction of small ND crystals. However, no Raman
signal of diamond was detected above 900 ◦C. In contrast,
XRD demonstrated presence of diamond at temperatures as
high as 1100 ◦C, but no contribution from sp2 carbon was
observed below 1000 ◦C.
It is known that the annealing process begins at the
surface of the diamond particle and moves towards the
core after sufficient time, eventually creating an onion-
like structure with graphitic layers. The kinetics of the
transformation process can be investigated by monitoring
the changes in radius of the remaining diamond core
after annealing. For the calculations, we assume a uniform
spherical shape of the diamond nanoparticles and for
isothermal conditions, the interface between diamond and
graphitic layers moves at a constant rate towards the core.
The change in radius (1r) is given by the product of the
Figure 7. TGA weight loss rate of furnace-annealed ND samples
upon oxidation in air. The inset shows the temperature of the
maximum weight loss rate as a function of annealing temperature.
rate constant (k) of the conversion and the annealing for
time (t) through the equation 1r = k · t. To determine the
rate constant, the change in radius was determined from
XRD data using the Williamson–Hall analysis (figure 5(b))
and divided by the time held at isothermal conditions
(t = 12 h). The activation energy of the annealing process
can then be calculated from the Arrhenius plot in figure 6
and corresponds to the slope of the curve divided by the
gas constant, R. For comparison, we have included data
published data by Butenko et al, who annealed ND at higher
temperatures [36]. It can be seen that there is a clear transition
from low temperature to high-temperature regime around
1000–1100 ◦C, indicating a change in annealing mechanism.
This transition can also be seen in figure 5(b), as the size of the
diamond core changes more drastically above 1000 ◦C. In the
low-temperature region (>1000 ◦C), the activation energy was
found to be ∼10 kcal mol−1, while at higher temperatures,
the activation energy approaches 45 kcal mol−1. This is in
good agreement with both Raman and HRTEM data. The
increase in activation energy at∼1100 ◦C is therefore believed
to correspond directly to the onion-formation process.
Finally, we investigated the thermal stability and the
oxidation behavior of the various samples to further
understand structural changes as a result of annealing.
Figure 7 shows the weight loss rate (differentiated weight
loss curve) of the annealed samples recorded during TGA
analysis in laboratory air, in comparison to as-received ND.
The inset displays the temperature of the maximum weight
loss rate as a function of annealing temperature. The black
‘x’ on the y-axis indicates the value measured for as-received
ND powder. For the as-received and the 600 ◦C-annealed
ND, the maximum weight loss occurs at around 520 ◦C and
both samples exhibit a broad weight loss peak due to the
wide size distribution and the known size dependence of
the oxidation resistance of ND crystals [27]. With increasing
annealing temperature from 600 to 800 ◦C, the weight loss
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Figure 8. Schematic of nanodiamond-to-carbon onion transformation process.
peak becomes narrower and is down-shifted to 517 and 511 ◦C
at 700 and 800 ◦C, respectively. The 900 ◦C-sample exhibits
the lowest oxidation resistance (maximum weight loss at
∼498 ◦C). While below 900 ◦C, carbon onion formation was
not observed, the conversion of the ND surface to amorphous
sp2 carbon lowers the activation energy for ND oxidation,
even for larger ND crystals. A further increase in annealing
temperature reverses this trend. At 1000 and 1100 ◦C, the
maximum weight loss occurs at 505 and 510 ◦C, respectively.
This can be explained by the increasing structural ordering
of the sp2 phase and formation of carbon onions at higher
annealing temperatures.
Together, Raman spectroscopy, XRD, TEM and TGA
provide a comprehensive picture of the ND graphitization
process in the low-temperature regime. Based on this study,
the following process steps are believed to take place during
annealing (figure 8):
(1) Annealing of ND powders in an inert environment leads
to the sp3-to-sp2 conversion of the surface, beginning with
smaller ND crystals at temperatures as low as 600–700 ◦C.
(2) At 900 ◦C, the surface of the majority of the ND crystals
is covered by sp2-bonded carbon. Some of the smallest
ND crystals are completely converted to sp2-carbon
and appear as layered structures; however, carbon onion
formation is not observed.
(3) At 1000 ◦C, the majority of the ND crystals are converted
to layered sp2-carbon. However, the sp2 layers remain
highly disordered and carbon onion formation does not
occur.
(4) At higher temperatures (≥1100 ◦C), the majority of the
ND crystals are partially or fully converted to carbon
onions. The rate of transformation increases, is strongly
dependent on the crystal size, and is highest for small ND
crystals.
4. Conclusion
Using Raman spectroscopy, the transition of nanodiamond-
to-carbon onions has been shown to start at 600 ◦C upon
thermal annealing in argon atmosphere. The transformation
from nanodiamond to onion-like carbon has been studied
using TEM, XRD, and TGA, and was found to follow
two different mechanisms depending on the annealing
temperature. The sp3-to-sp2 conversion starts at lower
temperatures, whereas formation of carbon onions is not
observed below 1000–1100 ◦C. Furthermore, the annealing
process was found to exhibit a strong size dependence, with
smaller particles being transformed at lower temperatures.
The transformation of nanodiamond to sp2 carbon begins
at temperatures as low as 600 ◦C. At 1000 ◦C, the majority
of ND was converted to sp2 carbon, while formation of
well-ordered concentric carbon onions was not observed and
requires a further increase in temperature to 1100 ◦C as
indicated by the change in the reaction kinetics.
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